Colloids have been used for several decades to prepare spermatozoa for assisted reproduction, initially for in vitro fertilization but, with the development of scaled-up techniques, increasingly for artificial insemination and cryopreservation as well. The colloids usually consist of coated silica particles. Using colloid centrifugation, it is possible to select sperm subpopulations consisting of motile spermatozoa with intact membranes, stable DNA and normal morphology and to separate them from the rest of the ejaculate. This review explains why different protocols for colloid centrifugation are needed for different species, as well as species-specific colloid formulations, to match the physical characteristics of the semen. The advantages and disadvantages of sperm preparation by this technique will be outlined. An emerging area of interest is the ability to separate spermatozoa from the bacteria that contaminate semen during collection. Thus, colloid centrifugation represents an alternative to using antibiotics in semen extenders. Since there is a worldwide movement to restrict the use of antibiotics, the possibility of physically removing the bacteria is of considerable interest. Moreover, it may be possible to use colloids to reduce viruses in semen. Transmission of viruses through semen is an emerging problem as more and more viruses are being identified that can potentially be spread in this manner. laboratories, for example, for bovine IVF, or are used occasionally for research or for conservation breeding. In contrast, human fertility treatments usually involve either IVF or ICSI. However, there are many differences between species regarding sperm numbers needed for AI, the type of semen used (fresh, stored or cryopreserved), the timing relative to ovulation, and site of deposition of the semen. These differences create a range of challenges for sperm preparation according to the species concerned. Despite the differences, one feature common to all species is that the chance of a successful outcome, that is, a pregnancy, is related to the quality of the sperm sample used. Colloid centrifugation can be used to select good quality spermatozoa for assisted reproduction [2] .
Introduction
Assisted reproduction is the creation of a pregnancy by a means other than natural mating [1] . The most widely used form of assisted reproduction in animals is artificial insemination (AI); in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are confined to specialist
Why is it necessary to select spermatozoa for assisted reproduction?
Spermatozoa to be used for assisted reproduction technologies (ART) must be able to function normally, that is, to find and fertilize an oocyte and to direct the future development of the zygote [2] . Whichever form of assisted reproduction is used, good quality gametes are needed to ensure a successful outcome. Semen samples usually contain a heterogeneous population of spermatozoa of different stages of maturity and functional ability [3] . It is possible to select the subpopulations consisting of motile spermatozoa with intact membranes, stable DNA and normal morphology and to separate them from the rest of the ejaculate, using colloid centrifugation. These spermatozoa are most likely to be functional, to be able to fertilize and activate oocytes and to contribute to the zygote's future development.
Different types of semen
Semen for ART is available either fresh or cryopreserved, depending on the species [1] . Most bull spermatozoa are cryopreserved in small quantities, for example, 0.25 mL. However, the semen of some species or individuals may not freeze well; thus, boar and stallion semen is usually used fresh or after cooled storage. As a result, different protocols are needed to deal with the vast range of semen volumes and sperm concentration seen in different species, ranging from a few microliters (cat ejaculate or frozen semen of many species), to several hundred mL for a fresh boar ejaculate. Human semen in fertility clinics is used either fresh or frozen, if from the patient; if the semen has come from a sperm bank, it is usually frozen.
Colloid centrifugation
Colloid centrifugation is a sperm preparation technique whereby a sub-population of motile spermatozoa with normal morphology, intact membranes and good chromatin integrity are separated from the rest of the ejaculate, including the seminal plasma, by centrifugation through a colloid [2] . These robust spermatozoa pass through the colloid during gentle centrifugation and form a pellet in the bottom of the conical centrifuge tube. The seminal plasma, with its content of non-sperm cells, bacteria, etc., and semen extender are retained above the colloid. At the interface between the colloid and the seminal plasma, spermatozoa that have not been able to pass into the colloid are retained [4] . Typically, the spermatozoa at the interface are immotile spermatozoa, abnormal spermatozoa and those with damaged chromatin. If too many spermatozoa are loaded on to the colloid or there are very high numbers of abnormal spermatozoa, some normal spermatozoa may be prevented from entering the colloid and will be found in the interface population. Typically, the sperm pellet will have better sperm quality than the unselected samples [5, 6] and the resulting sperm sample will retain motility [7] and fertilizing ability [8] for longer than the unselected samples.
The colloids typically used to prepare spermatozoa are coated silica colloids in a mixture of salts, sugars and buffer. The composition of the mixture, and the pH, osmolarity and density of the colloid all affect the result in terms of number of spermatozoa in the pellet and their quality [9] . Although commercial colloid products are sterile, they do not contain antibiotics. Care should be taken to use aseptic techniques when opening the bottle to avoid contaminating the contents.
History of colloid centrifugation
Colloid centrifugation is a technique for separating different types of cells. The first application of this technique was as a density gradient, involving two or more layers of colloids of different densities [10] . During centrifugation on the density gradient, the cells move to a point in the gradient that matches their own density, which is called the isopycnic point. The degree of separation achieved depends on the number of layers of different densities used in the preparation of the density gradient and the differences in densities of the cell populations to be separated. The first and most widely used colloid was Percoll™ (now sold by GE Healthcare, Uppsala, Sweden), based on polyvinylpyrrolidone-coated silica particles. Since the mid-1990s, other coated silica colloids have been used, for example, silane-coated silica such as Redigrad® (originally sold by Amersham Biosciences, now GE Healthcare, Uppsala, Sweden) and Iodixanol (OptiPrep TM , Progen, Heidelberg, Germany).
Semen samples consist of a heterogeneous population of spermatozoa of different ages and stages of maturity. Before spermatozoa can fertilize an oocyte, they must undergo a series of membrane changes over a period of time, known as capacitation, followed by the acrosome reaction just before they bind to the oocyte. If they do not bind to an oocyte after undergoing the acrosome reaction, they will die. The purpose of proving a mixture of spermatozoa of different ages is to ensure that spermatozoa capable of fertilization will be available in sequence over a period of time. However, if the sperm sample is to be stored prior to being inseminated into a female, the presence of dead or dying spermatozoa, or cellular debris, may adversely affect the remaining spermatozoa. Separation of the viable spermatozoa from the rest of the ejaculate therefore enables them to remain functional over a longer period of time. A further advantage is that spermatozoa can be removed from seminal plasma (which contains decapacitating factors) and semen extender before use [11] .
Early in the 1980s, researchers began to use density gradients for selecting viable spermatozoa [12, 13] . The spermatozoa that passed through the colloid and could be retrieved from the sperm pellet were mostly those that were motile, with normal morphology, intact sperm membranes and good chromatin integrity. Since these parameters of sperm quality have been correlated with pregnancy rate after artificial insemination in a number of species, it was proposed that the spermatozoa in the pellet were more likely to generate pregnancies when used for assisted reproduction than the uncentrifuged sample. Since the seminal plasma and extender were retained on the top of the uppermost layer of colloid, the method was ideally suited for preparing frozen spermatozoa for IVF or ICSI, where separation of the spermatozoa from seminal plasma was necessary. Immotile and immature spermatozoa or morphologically abnormal spermatozoa and those with damaged chromatin are mostly retained at the interface between the seminal plasma/extender and the colloid.
Density gradient centrifugation (DGC) was used for preparing human semen in fertility clinics, since the volume of semen to be processed was generally small and the sperm concentration low. Typically, the volume of colloid in each layer was 1-2 mL, depending on the number of layers used, and the volume of semen to be processed was up to approximately 1.5 mL. Thus, the technique had severe limitations when trying to process animal semen, which typically has much larger volumes and higher sperm concentrations than human semen. Nevertheless, frozen animal semen (mostly bovine) was processed for IVF; there were some reports of animal semen being processed by density gradient in the laboratory to improve sperm quality, but the consensus of opinion was that it was too impractical for processing whole ejaculates for AI in the field. Since AI is by far the most widely used biotechnology in animal breeding, there was little use for sperm preparation by DGC in this area.
In the mid-1990s, there was some debate as to whether Percoll™ itself was detrimental to spermatozoa, with some researchers claiming adverse effects from the use of the PVP-coated silica (e.g. [14] ). Other researchers reported conflicting results with bovine and murine samples [15, 16] . This issue has never been fully resolved but factors other than the type of colloid may also be implicated, such as the centrifugation force and time used in the protocol [17] , the osmolarity and chemical composition of the buffered salt solution used to dilute the colloid [9] , the semen extender used for the semen [7] , and even the sperm concentration of the sperm suspension [7] .
Towards the end of the 1990s, a modification of DCG was developed in which only one layer of Percoll™ was used to prepare human spermatozoa [18] . These authors concluded that the single layer gave good results with oligospermic ejaculates but did not improve the sperm quality of normospermic semen. Thus, the technique was not universally adopted in fertility clinics at that time, since there was a preference to have one standard protocol for all sperm preparations regardless of the quality of the original semen sample. Similar findings were later reported using one layer of Percoll™ for stallion semen [19] , in that sperm quality was only improved in poor ejaculates.
Commercially available colloid formulations for use as a density gradient became available early in the twenty-first century. The first of these colloids for density gradients, EquiPure (Nidacon International AB, Mölndal, Sweden) was reported to improve stallion sperm quality [17] , and it was used to prepare small numbers of spermatozoa from problem ejaculates for low dose insemination [20] . However, sperm yields were too low and the method too impractical for routine application when preparing spermatozoa for conventional insemination in the field.
Single layer centrifugation (SLC) using only one layer of a species-specific colloid formulation (Androcoll-E, now known as Equicoll) for preparing stallion spermatozoa was reported by Morrell et al. [21] . They described studies in which "normal" stallion semen, that is, from stallions with no known fertility problems, was split and processed by DGC and SLC. Sperm quality was improved in both types of selected samples compared to the uncentrifuged samples, and there was no difference in sperm quality between the two colloid centrifugation groups [5, 6] . The results from 250 ejaculates processed by SLC in three breeding seasons showed that the technique was repeatable and reliable under a variety of field conditions for stallions at commercial stud farms [7] . In addition, the development of a different colloid formulation (Androcoll-E Large) for use in 50-mL tubes enabled SLC to be scaled up to process whole stallion ejaculates [22] .
It is also possible to use SLC process 25 mL of extended semen in 100-mL tubes or even 150-mL extended semen in 500-mL tubes [23] . The latter is particularly useful for processing boar ejaculates, which tend to be voluminous. However, the centrifuges commonly found on stud farms have rotors for 50-mL tubes; most stallion ejaculates can be processed in 4-6 of these 50-mL tubes.
Recently, the original protocol (4-mL colloid in a 15-mL centrifuge tube-designated Small SLC-was compared with protocols using 1 mL colloid, either in a 15-mL centrifuge tube (Mini-SLC) or in a microcentrifuge tube (Mini-EP), for preparing bovine spermatozoa for IVF [24] . The highest sperm yield was obtained from the Mini-SLC, that is, from 1 mL colloid in a 15-mL tube, although sperm quality was good in all three variants. An IVF trial using spermatozoa processed by Mini-SLC compared to swim-up did not show significant differences between the swim-up control and Mini-SLC, but since the chromatin integrity of the Mini SLC sperm preparation was significantly higher than the control, it would be expected that differences in embryo development might occur at a later stage in vivo than studied in vitro.
Thus, protocols have been developed for a range of tube sizes, different types of semen and various species as shown in Table 1 . For optimum results, the specific colloid formulation for a particular size of tube should be used. However, the formulation developed for use in 50-mL tubes has also given good results when used in 15-mL centrifuge tubes (L Barros, personal communication). Protocols based on other colloids have also been tried, such as Iodixanol (OptiPrep TM , Progen, Heidelberg, Germany) [25, 26] .
Type of semen/species
Tube size (mL) Volume colloid (mL) Volume extended semen* (mL)
Thawed:
Red deer [64] Bull [24] 12-15 1.0 0.25
Fresh or thawed:
Stallion [21] Bull [48] Boar [65] 12-15 4.0 4.5
Fresh:
Stallion [22] Boar [42] 50 15 15-18 Fresh:
Stallion [23] 100 20 25 Fresh:
Stallion [22] Boar [23] 200 60 60
Boar [23, 43] 500 150 150 Table 1 . Modifications of single layer centrifugation according to volume of semen to be processed.
The method of single layer centrifugation
Preparing spermatozoa by SLC is a straightforward procedure (Figure 1) . The following instructions refer to SLC in a 15 mL tube; the modifications required for other sizes of tube are shown below.
1.
Equilibrate colloid and extended semen to room temperature to avoid cold-shocking the spermatozoa.
2.
Adjust sperm concentration to not more than 100 × 10 6 /mL for stallions and boars and not more than 50 × 10 6 /mL for bulls.
3.
Carefully layer up to 4.5 mL of extended semen on top of 4-mL Equicoll using a Pasteur pipette.
4.
Use a centrifuge with a swing-out rotor; centrifuge at 300 g for 20 min.
5.
Remove supernatant (seminal plasma, semen extender and most of the colloid) using a Pasteur pipette, taking care not to agitate the sperm pellet. Leave approximately 2 mm colloid above the sperm pellet.
6.
Using a clean pipette, aspirate the sperm pellet from underneath the colloid.
7.
Add extender to the sperm pellet to achieve the desired sperm concentration.
The same procedure is used for the other variants of SLC, differing only in the size of the tube, the type and volume of colloid, and the volume of semen to be used. For 50-mL tubes, 15-mL colloid and up to 20-mL extended semen are used. For 500-mL tubes, 150-mL colloid and 150-mL extended semen are used. 
Specific applications of SLC

Applications in equine breeding
The equine breeding industry is extremely diverse ranging from studs with one stallion and a few mares to complex operations sending out hundreds of semen doses all over the country and beyond, and also large-scale embryo transfer facilities, not to mention stud farms with natural mating. The scale of the industry and the geographical distribution of the stud farms present specific challenges in the distribution of good quality semen doses, which is where SLC could be of particular benefit.
Improving sperm quality for artificial insemination
Sometimes sperm quality is not as good in some ejaculates as desired. Since sperm morphology and chromatin integrity are correlated with pregnancy rates after AI, improving these parameters can lead to an increase in the pregnancy rate [27, 28] . Both normal morphology and chromatin integrity are higher in SLC-selected samples than in uncentrifuged control semen, indicating that pregnancy rates can be improved using SLC to select the spermatozoa. This has been shown to be the case both for problem stallions [27] and for those with no known fertility problem [28] . However, since the poor quality spermatozoa are removed, the number of spermatozoa remaining after SLC is less than in the original sample.
Maintaining sperm quality during transport
The sperm quality of the semen doses must be maintained during transport so that good pregnancy rates can be obtained after AI. Colloid centrifugation is ideal for this purpose, since the robust spermatozoa are separated from the dead and dying spermatozoa and also from seminal plasma and any bacteria contaminating the ejaculate at collection. Dead and dying spermatozoa can release intracellular contents, such as reactive oxygen species, that are detrimental to the survival of healthy spermatozoa. Thus, separating the robust spermatozoa from sources of reactive oxygen species helps to maintain them in good condition. Separating spermatozoa from seminal plasma and bacteria also increases the length of time for which the spermatozoa remain viable [20] . The spermatozoa are not damaged by SLC, whereas other centrifugation protocols to remove seminal plasma, such as cushion centrifugation, may cause damage [29] . The SLC-selected sperm samples are capable of fertilization when inseminated at least up to 96 h after semen collection [8] , considerably longer than the 24-36 usually chosen by stud personnel.
Dealing with ejaculates that do not tolerate cooling
Some sperm samples cannot be cooled because the spermatozoa die. Previously, the only chance to use such ejaculates was to inseminate the mare immediately after semen collection at the same stud farm. However, the risk of injury and disease transmission make long-distance transport of mares for breeding undesirable. Removing all the seminal plasma from the spermatozoa and selecting the robust spermatozoa by SLC allows them to survive being cooled, and their fertilizing capability is retained [27] . Alternatively, SLC-selected sperm samples can be maintained at around 15° for at least 48 h and still retain their motility [30] and fertilizing capacity (J. Newcombe, personal communication)
Extending the shelf life of a conventional semen dose
If a conventional stored semen dose cannot be used when anticipated (usually 24-36 h after semen collection), it can be processed by SLC to extract the robust spermatozoa, thus extending Advances in Colloid Science the time for which these spermatozoa can be stored prior to insemination [31] . The resulting sperm sample will have better sperm quality and a longer "shelf-life" than the stored semen dose, although sperm quality will not be quite as good or the shelf-life as long as if the sample had been prepared by SLC immediately after semen collection.
Selecting spermatozoa that survive cryopreservation
One way of avoiding the perishable nature of fresh semen would be to cryopreserve semen. However, not all stallions produce semen that can be frozen successfully. If the most robust spermatozoa are selected prior to freezing, sperm cryosurvival can be improved [29] and the thawed spermatozoa survive longer than control spermatozoa [32] . Since freezing protocols for stallion spermatozoa involve a centrifugation step to remove most of the seminal plasma, SLC can be used instead without creating extra effort and has the advantage of removing some of the sources of reactive oxygen species that will harmful to spermatozoa during cryopreservation. The longer survival time of the spermatozoa after thawing may allow more flexibility in the timing of insemination relation to ovulation [32] .
Improving the sperm quality of poor quality frozen semen batches
SLC can be used to select robust spermatozoa after thawing [33] [34] [35] . Instead of discarding batches where post-thaw sperm motility is less than 30%, it may be possible to extract sufficient motile spermatozoa by SLC for insemination [36] . More straws may be needed than would normally be necessary to recover sufficient spermatozoa for an insemination dose but at least the poor quality batch has been "rescued." This is particularly relevant if the stallion is no longer available for semen collection for freezing.
Conservation of rare breeds or rare bloodlines
When the decision is reached to use conservation breeding to increase population numbers or to gene bank semen, there may be few males to choose from [37] . In such cases, it is important to preserve as many genes as possible, which in practice means using all available stallions regardless of sperm quality. Since no selection has been made for sperm quality, or those stallions that are available are elderly and with deteriorating sperm quality, SLC can be used to advantage to select motile spermatozoa with normal morphology, good membrane integrity and good chromatin integrity from immotile spermatozoa, abnormal spermatozoa and those with damaged chromatin. Since these parameters of sperm quality are linked to pregnancy rate after insemination, SLC can increase the chances of a mare becoming pregnant after insemination. In addition, improved sperm cryosurvival could lead to better success if frozen spermatozoa are used for insemination, thus increasing the likelihood that gene banking can actually help conservation breeding efforts.
Applications in pig breeding
Similarly to equine breeding, the pig breeding industry relies heavily on the insemination of fresh, cooled semen. Although cryopreservation protocols exist for boar semen, there is a perception that pregnancy rates are lower and litter sizes smaller if cryopreserved semen is used for AI instead of fresh semen [30] .
Improvement in sperm quality
Better linear motility, normal morphology and viability were observed in SLC-selected boar samples compared to unselected controls [38, 39] . Since these parameters of sperm quality have been linked to increased pregnancy rates in artificially inseminated sows, SLC-selected sperm doses would be expected to produce higher pregnancy rates when used for AI. However, pregnancy rates are normally high for boar semen doses, so the main benefit of SLC would be to enhance sperm quality for genetically valuable boars.
Reducing the number of spermatozoa required for an insemination dose
By selecting the most robust spermatozoa, it might be possible to reduce the sperm numbers used for insemination to 1 × 10 9 or even lower. Thus, even with the loss of approximately 33% of sperm numbers, more doses would be produced from each ejaculate.
Increasing the shelf life of stored semen
In SLC-selected preparations, sperm quality declines more slowly during storage than in unselected semen samples [38] .
Removal of bacteria and viruses
Spermatozoa can be separated from bacteria [40] , or viruses [41] in semen by SLC (see section on alternatives to antimicrobials).
Cryosurvival
Cryosurvival can be enhanced by SLC [42, 43] . In the first of these studies [42] , boar sperm samples processed by SLC before freezing showed less membrane fluidity and less generation of reactive oxygen species after thawing than controls. In the second study, SLC in 500-mL tubes improved the quality and cryosurvival of boar semen [42] . However, the authors did point out that a high recovery rate would be required in order for SLC to be included routinely in cryopreservation protocols.
For IVF
SLC can be used to select spermatozoa for IVF, particularly where low numbers of spermatozoa are available. The rate of polyspermy was elevated when SLC-selected spermatozoa were used, indicating that SLC-selected spermatozoa are highly fertile [44] . When the sperm dose was drastically reduced to avoid polyspermy, the fertilization rate and blastocyst development rate were superior to unselected spermatozoa from the same boar.
Conservation breeding
Semen quality may be poor in rare breeds since they have not undergone selection for these traits [37] . Therefore, SLC may help to improve fertility.
Applications in cattle breeding
The cattle AI industry depends almost exclusively on cryopreserved semen in many parts of the world, except in New Zealand [1] . Cryopreservation prolongs the life of the semen sample and facilitates transport to other countries for insemination. Semen can be placed in quarantine, typically for one month after semen collection, to allow time for any disease in the donor animals to manifest itself. However, cryopreservation damages spermatozoa, although bull spermatozoa seem to be reasonably resistant to cryoinjury. The following uses of SLC have been identified for bull semen.
Improving sperm quality in poor semen samples prior to cryopreservation
Occasionally semen quality is poor, for example, if the proportion of spermatozoa with normal morphology is low [45] , or if there is blood in the semen [46] . Even though SLC had no direct effect on total and progressive motility, it appeared to have a positive influence on several other kinematic parameters that may be important for fertilization after artificial insemination. In a previous study, the kinematics straightness (STR), Linearity (LIN) and beat cross frequency (BCF) of uncentrifuged bull sperm samples were positively correlated with the pregnancy rate at day 56 [47] . Thus, SLC samples might be expected to have better fertility than uncentrifuged ones.
Selecting good quality spermatozoa for IVF
Good quality spermatozoa can be selected from thawed semen samples for IVF, for example [48, 24] . Chromatin integrity particularly is improved in the SLC-selected samples: sperm chromatin damage (%DFI) was lower in SLC-selected samples than in unselected control samples (1.84 and 2.99% respectively, p = 0.036).
To select spermatozoa with high metabolic activity
Mitochondrial membrane potential (ΔΨm) is one of the assays used to evaluate sperm metabolic activity and fertility [49] . Since SLC-selected spermatozoa were found to have a higher ΔΨm than controls [50] , it is possible that their fertility may be higher too.
Removal of pathogens
Removal of bacteria from semen samples
Most ejaculates are contaminated with bacteria despite being collected from healthy animals, and further contamination can occur during semen processing [51] . Bacteria can adversely affect sperm quality, by competing for nutrients in the semen extender or from the production of metabolic by-products and endotoxins. In addition, they may cause uterine disease in inseminated females. To control the growth of bacteria, antibiotics are added to semen extenders according to national and international guidelines. The choice of antimicrobials is limited since they may be toxic to spermatozoa, and thus a cocktail of agents may be chosen to try to reduce the adverse effects on sperm survival. However, antibiotic use in general can lead to the development of microbial resistance, which can be passed on to other animals and also between humans and animals. Recent reports indicate that some microorganisms may be resistant to the antibiotics used in semen extenders for livestock [52] [53] [54] . Therefore, it might be prudent to develop alternatives to antimicrobials in semen extenders [55] , although a change in the legislation would be required in the event that antibiotics are not added.
Human semen samples processed by DGC with a silane-coated silica colloid showed a 10-fold reduction in bacterial content [56] . Strict aseptic technique could reduce bacterial contamination almost completely. Increasing the g force used for centrifugation may have been associated with an increase in the number of positive samples for some bacteria. For 10 boar semen samples processed by SLC in a laminar air flow (LAF) bench, no bacteria were cultured from six of the SLC-selected sperm samples, and the number of bacteria in the remaining samples was reduced compared to the uncentrifuged controls [40] . Less than 1% of bacteria remained after the SLC processing. A possible bacteriostatic effect of the colloid was observed, despite the fact that no antibiotics were included in the colloid formulation. Removal of bacteria appeared to be affected by the bacterial species and the length of time between semen collection and SLC.
In a similar experiment with stallion semen, using a tube insert to facilitate harvesting of the sperm pellet [57] , the removal of >90% of the total bacterial load was possible if the latter was >5 × 10 4 cfu/mL although for smaller bacterial loads removal was less efficient. Bacteria that tend to clump together, for example, forming palisades, chains and pairs, were more difficult to remove, possibly due to an alteration in the density of the bacterial unit by clumping [57] . Flagellated bacteria were also more difficult to remove.
Using SLC at a higher g force (600 g for 10 min) than in the previous studies, approximately 50% of the contaminating bacterial load was removed from stallion semen. Post-thaw sperm motility was increased if bacterial load was reduced compared to controls, confirming the beneficial effects of bacterial removal on sperm survival [53] .
Reduction in viral load
Although AI was developed first as a means of reducing disease transmission between individuals, it is still possible to spread viruses in semen [58] response at that point in time rather than being an absolute indicator of non-infection. Semen from shedding males represents a source of disease transmission via artificial insemination.
For several years, human fertility clinics have used a double semen processing technique of density gradient centrifugation followed by a swim-up to process semen from patients known to be shedding HIV or hepatitis C virus, where the female partner is not infected with the virus (so-called discordant couples) [59, 60] . These attempts to remove virus were apparently successfully in that there are no reports of infection of the female after the assisted pregnancy or of the birth of infected offspring. However, attempts to remove viruses from animal semen by a similar technique does not lead to the removal of all virus, possibly because unlike the human patients, the males are not treated with anti-viral drugs prior to semen collection.
In a preliminary experiment, aliquots of boar ejaculates were spiked with porcine circovirus 2 (PCV2) and processed by single layer centrifugation using Androcoll-P followed by a "swimup" procedure. Samples before and after processing were tested for the presence of PCV2 in a tissue culture assay. The difference in virus titre corresponded to more than 99% reduction, and sperm quality was not affected by the selection procedure [41] . Other authors tested the removal of bovine viral diarrhoea virus (BVDV) from experimentally infected semen samples, comparing Percoll gradient centrifugation, swim-up, and a combination of swim-up and Percoll gradient centrifugation. They reported that no virus was detected from the combination of techniques, whereas a low level of virus was found in the swim-up preparation and a higher level in the Percoll preparation [61] .
Using the "inner-tube" method described previously for some of the bacterial studies, it was possible to substantially reduce virus titre in semen samples from stallions known to be shedding equine arteritis virus [62] . However, some virus infectivity was still present, especially in stallions shedding large amounts of virus. Since it is not known how much virus in semen will cause infection in an inseminated mare, it would be unwise to assume that the use of SLC-selected samples is risk-free, unless a further modification of the procedure is developed.
SLC as an indicator of male fertility
The breeding industry wants to be able to identify sub-fertile individuals either to remove them from the breeding pool (bulls and boars) or to develop strategies to deal with their subfertility (stallions). Breeding companies would like to distinguish between highly fertile males and extremely highly fertile males. Attempts have been made to find laboratory tests that are predictive of sperm fertility, but whereas fertility is a complex multifaceted phenomenon, most assays evaluate only one parameter. However, the sperm yield after SLC is related to the quality and hence the potential fertility of the original ejaculates [63] ; it is more highly correlated to fertility than the results of individual evaluations. Therefore, the suggestion was made that yield could be used as an indicator of stallion fertility in the absence of breeding data. The SLC is fast (30 min) and only requires a centrifuge, whereas assays of sperm quality require a fluorescent microscope or a flow cytometer and/or specialist skills. If the stud personnel do not wish to carry out the SLC themselves, semen doses could be transported to a laboratory for this procedure. It is possible that SLC could be used predictively in other species as well.
Cost-benefit of SLC
Silane-coated silica colloids are expensive, but usually the improved sperm quality and enhanced fertilizing ability of the sperm sample is worth more than the cost of the procedure. The added value of SLC-selected sample depends on many factors, such as the perceived value of offspring from a particular male. The cost of SLC is less than DGC since it uses only one layer of colloid and needs less preparation time. Other factors increase the value of the technique: the availability of sperm samples, increased cryosurvival, biosecurity, ease of transport, etc. Thus, any processing steps that improve sperm survival and fertility will have an economic benefit. The price of the colloid will depend on the volume sold, because of economies of scale. The involvement of technical help in the laboratory affects preparation costs; the final price of the semen dose may include a premium for additional quality, which will, in turn, affect the demand for SLC-selected sperm samples.
Conclusion
In conclusion, colloid centrifugation, especially SLC, improves sperm quality in a variety of circumstances and for different species and a range of purposes within animal breeding. The procedure is straightforward and quick; it can be used by the personnel on any stud farm or semen collection centre where there is a swing-out centrifuge.
